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).a b s t r a c t
In the paper a novel approach to thermochemical utilization of low rank coal, flotation concentrates and
municipal refuse derived fuels was presented. The economic attractiveness of low rank coals and
flotation concentrates is limited and that is why they are commonly stored at excavation heaps causing
additional costs and the risk of endogenous fires occurrence. One of the crucial parameters determining
the attractiveness and usability of a fuel in the gasification process is its reactivity. In the study several
low rank coals, flotation concentrates and municipal refuse derived fuels were tested in terms of their
reactivity in the process of steam gasification. The reactivity of low rank coal and flotation concentrates at
50% of carbon conversion, R50, varied between 1.46$10
4 and 2.39$104 s1, whereas the maximum
reactivity, Rmax, from 3.28$104 to 4.62$104 s1. Advanced mathematical models were developed to
investigate the similarities and dissimilarities between the studied fuels as well as the relationships
between the physical and chemical parameters and the reactivities of fuel chars in steam gasification. On
this basis, a low rank coal was selected and blended with 20%w/w of municipal refuse derived fuel in co-
gasification experiments. The aim of the research was to utilize the low rank coal characterized by the
lowest reactivities (R50 and Rmax of 1.46$10
4 and 3.28$104 s1, respectively) in steam co-gasification to
hydrogen-rich gas with an alternative fuel in a fixed bed reactor at the temperature of 800 C. The
selected low rank coal was blended with 20%w/w of municipal refuse derived and the resulting fuel
yielded the average concentration of hydrogen in the produced gas of 58.99%vol.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Themain objective of the established EU 2020 Green Deal is that
the European Union should become carbon neutral by 2050 [1]. It
means that all fossil fuel energy sources must be replaced by the
renewable ones. This goal seems to be a great challenge for all the
European countries. Poland where almost 73.6% of electricity (in
2019) was generated from coal will have to transform its whole
energy sector [2,3], which constitutes an extremely ambitious
target. During last year, the decarbonatization process significantly
speeded up in the EU. The new low-carbon technologies as well asski).
r Ltd. This is an open access articlezero-emission technologies must be implemented [4]. One of the
very promising ways in terms of the decarbonization efforts is the
application of a new, environmentally friendly energy carrier e
hydrogen [5e8]. Unfortunately, 76% of globally produced hydrogen
comes from fossil fuels (mainly through methane steam reforming)
[9,10]. Currently, all the efforts are focused on the development and
commercialization of the green hydrogen technologies based on
photovoltaics (PV) [11] and wind power (onshore [12] and offshore
[12,13]). Poland is one of the biggest producers of hydrogen. Un-
fortunately, this is the so-called grey hydrogen produced mainly
through methane reforming [9,10]. Based on the Polish Hydrogen
Strategy [14], this situation will change by the application of new
technologies of water electrolysis using power produced from PV
and offshore wind farms. Within the long term strategy, all
hydrogen produced in Poland will come from the renewableunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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produced from fossil fuels (methane and coal) [14].
Nowadays, hydrogen is produced in Poland only from coal and
methane. Methane based hydrogen production generates CO2
emission above 5.8 kg CO2 eq/kg H2 and above 10 kg CO2 eq/kg H2
[14,15] in the case coal is the source of primary energy. Within the
Polish context, hydrogen bears the potential option of increasing
the flexibility of conventional power plants through optimizing
their cooperation with intermittent sources of energy. In future
perspective, the assumed target is to replace the conventional en-
ergy sector with nuclear power plants as well as the PV and
offshore wind farms. In a longer time perspective e by the year
2040, large expectations are associated with small scale high
temperature nuclear reactors (HTR) [16e18] as well as small
modular reactors (SMR) [19] for industrial applications as units
generating high parameter process heat to enhance the decar-
bonization of the sector and to produce zero-emission hydrogen.
However, in the coming years it is the co-gasification of coal,
biomass and waste in order to generate a more environmentally
friendly energy carrier that is considered to be the most promising
option [20,21]. An urgent issue to be currently addressed is the
utilization of low rank coal deposited at the extractivewaste dumps
coupled with large amounts of flotation concentrates generated
during coal processing; the same applies to the steadily increasing
volumes of municipal refuse [22,23]. In light of the gradual
implementation of circular economy, the co-gasification of coal,
biomass and waste in order to produce hydrogen rich gas seems to
be an attractive pathway towards sustainability. It is not a coinci-
dence that the gasification of solid fuels is mentioned as one of the
prospective processes of energy sourcing which is in line with the
rules of sustainable development [23].
In the literature there are numerous studies on thermal utili-
zation of municipal waste in pyrolysis and gasification [24e26]. The
studies on pyrolysis and gasification of the municipal refuse
derived fuel fucus mainly on the effects of various operating pa-
rameters [24,25], gasification agents [28], temperature and pres-
sure [27], metal oxides as catalysts and various reactor types [28]
on the yield and composition of the product gas. The number of
studies reported on thermal utilization of low rank coal and flota-
tion concentrates is more limited [29]. At the same time, the efforts
aiming at decreasing fossil fuel dependence generate a growing
interest in co-utilization of coal and the renewables, among the
others, in the process of co-gasification [30]. The same idea could be
applied to co-gasification of low rank coals with waste to hydrogen-
rich gas [31]. The study presented in the paper was focused on
proving the feasibility of effective co-utilization of a municipal
refuse derived fuel with low rank coal and flotation concentrates in
co-gasification. The main aim of the study was to contribute to the
development of a new method of thermal utilization of low rank
coals, flotation concentrates and municipal refuse derived fuels to
hydrogen-rich gas. Several low rank coals were tested in terms of
the reactivity in gasification process and based on these results the
coal for further co-gasificationwithmunicipal refuse derived fuel to
hydrogen-rich gas was selected.
2. Materials and methods
2.1. Materials
The studied low rank coals (objects nos. 1, 2 and 5e14, denoted
as CS) and flotation concentrates (objects nos. 3 and 4, denoted as
FC) were provided by eight coal mines located in the Upper Silesia
Coal Basin, Poland. The municipal waste was provided by one of the
Upper Silesian municipalities (sample no. 15, denoted as MW). The
physical and chemical parameters of the samples tested were2
determined by the accredited laboratory of the Central Mining
Institute in accordance with the relevant standards: PN-G-
04511:1980 (total moisture), PN-G-04560:1998 and PN-ISO
1171:2002 (ash), PN-G-04516:1998 and PN ISO-562:2000 (vola-
tiles), PN-G-04513:1981 (heat of combustion, calorific value), PN-G-
04571:1998 (carbon, hydrogen and nitrogen), and PN-G-
04516:1998 (fixed carbon). The results are given in Table 1.
2.2. Experimental procedure
The experimental campaign was divided into two parts. In the
first one the reactivity of the studied fuels and the municipal refuse
derived fuel were tested in a fixed bed gasifier. Based on the reac-
tivity, the optimal coal was used for further experimental works
oriented on its co-gasification with municipal refuse derived fuel.
The selected fuel blends with municipal refuse derived fuel were
co-gasified under the atmospheric pressure in a laboratory scale
installation with a fixed bed reactor. The experimental installation
with a fixed bed reactor for solid fuels gasification is presented in
Fig. 1. The fixed-bed reactor was designed in the shape of a cylinder
of the external dimensions of 300  60 mm.
2.2.1. Fuel reactivity tests
The 3g dried fuel samples in analytical state with a grain size
below 0.2 mm were put at the bottom of the reactor and heated
under inert gas atmosphere (nitrogen) to the set temperature
(800 C) with a heating rate of 1.33 C/s. When the set temperature
was stabilized, the steam was injected to the reactor with the flow
rate of 3.2 cm3/min. The amount of the produced gas as well as its
composition were monitored by a mass flowmeter and a gas
chromatograph, respectively. The composition of the main gas
components was measured using a two-channel gas chromato-
graph Agilent 3000Awith a PLOT U column (8$103$0.32 103 m)
equipped with a thermal conductivity detector (TCD) for the
determination of carbon dioxide and hydrocarbons (up to 5 carbon
atoms content in the molecule) and an analytical column MS5A
PLOT (10  0.32$103 m) with TCD for the determination of
hydrogen, nitrogen, carbonmonoxide andmethane concentrations,
respectively. Helium and argon were applied as carrier gases in the
PLOT U andMS5A PLOTcolumns, respectively. The sample inlet and
the injector temperature was 60 C. The injection time was 50 ms
for both columns (PLOT U and MS5A PLOT), whereas the columns
temperature was 60 C. The run time and the post run time was
150 s and 10 s, respectively, for both columns, whereas the back-
flush time was 12 s for column PLOT U. The reactivity of coal char
for 50% of carbon conversion (R50) as well as the maximal value of






where Rx describes the reactivity for X% of carbon conversion, m0
describes the carbon content in the fuel sample, m describes the
carbon content in the gas produced in the gasification process and
tx denotes time needed to achieve X% of carbon conversion (X ¼m/
m0 $100%). Moreover, the times needed to reach R50 and Rmax were
also determined.
2.2.2. Co-gasification tests
The 10 g coal sample blendwithmunicipal refuse derived fuel in
the analytical state was put at the bottom of the reactor between
the quartz wool. In the first stage of the experiment, the reactorwas
heated in nitrogen atmosphere to the set temperature (800 C). The
heating rate was set as 1.33 C/s. When the temperature had sta-
bilized, steam was injected in the inert gas atmosphere into the
Table 1
The physical and chemical properties of tested fuels.
No Sample Moisture% Ash % Volatiles % Heat of combustion kJ/kg Calorific value kJ/kg S % C % H % N % O % Ash fusion temperatures, C
sintering softening melting flow
o r o r o r o r
1 CS1 1.32 2.66 32.18 33,697 32,506 0.29 82.19 5.31 1.52 6.89 1040 960 1340 1280 1350 1320 1400 1360
2 CS2 1.39 2.81 30.23 33,604 32,531 0.31 83.62 4.76 1.35 5.94 1020 950 1250 1180 1300 1200 1360 1230
3 FC1 1.74 4.47 27.38 32,745 31,663 0.42 80.16 4.76 1.35 7.28 960 920 1220 1160 1280 1230 1320 1300
4 FC2 2.25 15.49 26.50 27,705 26,744 0.51 69.71 4.15 1.10 6.92 970 890 1260 1220 1490 1430 >1500 1480
5 CS3 9.70 6.66 31.69 26,264 25,115 1.59 67.61 4.18 0.99 9.70 930 880 1300 1130 1360 1160 1400 1180
6 CS4 9.40 10.82 29.33 24,938 23,820 1.83 64.27 4.07 0.95 9.06 940 910 1270 1170 1300 1220 1330 1280
7 CS5 7.77 9.52 30.91 26,076 24,984 1.67 67.32 4.13 0.99 8.72 970 900 1330 1280 1460 1420 1500 1450
8 CS6 7.50 7.85 31.67 27,170 26,066 0.90 68.14 4.22 1.02 11.09 950 1140 1350 1330 1360 1360 1380 1360
9 CS7 5.79 5.48 35.10 28,914 27,744 0.77 71.52 4.71 1.08 11.17 950 1140 1370 1350 1380 1370 1400 1380
10 CS8 1.65 4.64 27.73 33,166 32,037 0.51 80.20 4.99 1.43 6.73 1050 1000 1270 1230 1320 1310 1360 1340
11 CS9 1.60 1.86 33.54 33,652 32,476 0.31 82.53 5.21 1.50 7.17 1020 960 1340 1300 1380 1360 1420 1370
12 CS10 1.85 2.05 28.42 33,484 32,369 0.30 82.44 4.90 1.48 7.18 1100 1050 1350 1330 1370 1360 1420 1370
13 CS11 1.53 18.24 32.15 27,907 26,881 0.84 69.97 4.53 1.27 3.92 990 940 1380 1350 1460 1440 1480 1460
14 CS12 1.17 1.66 31.31 34,923 33,770 0.27 85.59 5.15 1.48 4.74 1070 980 1290 1240 1350 1300 1430 1340
15 MW 1.99 15.69 75.07 25,730 24,267 0.26 56.18 6.88 0.88 N/A N/A N/A N/A N/A N/A N/A N/A N/A
o e oxidizing atmosphere, r e reducing atmosphere.
Fig. 1. Lab-scale installation for solid fuels gasificationwith the fixed-bed reactor (1- steam generator, 2- fix bed gasifier with resistance furnace; 3- gas cleaning and cooling system;
4 - measuring system e gas flowmeter and gas chromatograph, respectively).
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was cooled and dried in a water trap. All condensed liquid products
were collected at the bottom of the water trap, whereas the clean,
cold gas was analyzed online with a gas chromatograph Agilent
3000A. Moreover, the amount of the produced gas was also
determined by means of a mass flowmeter. The experiment was
repeated three times.
3. Results and discussion
The first stage of the experiment was oriented on the selection
of the best low rank coal for further gasification tests. The gasifi-
cation seems to be an attractive alternative for the combustion
process which is considered as problematic mainly due to the
economic as well as environmental concerns. Naturally, low-grade
coal is cheaper but its combustion leads to a significant increase in
the emission of greenhouse gases. In addition, burning low rank
coal is the main cause of smog in Poland during the winter season.
Nowadays, Polish law regulations do not allow using low-quality
coals in household boilers so their conversion into valuable prod-
ucts seems to be a huge challenge for coal producing companies.
One of the viable options seems to be their gasification to achieve a
marketable product such as hydrogen, a clean and environmentally
friendly energy carrier. The selection of the optimal coal from the3
whole group of the tested low rank coals is a crucial issue. For that
purpose, a systematic study of the reactivity of the studied low rank
coal samples from different Polish coal mines located in the Upper
Silesia Coal Basinwas conducted. The selected low rank coal will be
further used for studies oriented on the utilization of municipal
refuse derived fuel in the co-gasification process oriented on
hydrogen production. The values of the char reactivity, obtained for
low rank coal and flotation concentrate in the gasification process
at the temperature of 800 C are presented in Table 2.
The reactivity of 50% of carbon conversion, R50, varies between
1.46$104 and 2.39$104 s1, whereas the maximum reactivity,
Rmax, ranges from 3.28$104 to 4.62$104 1/s. The carbon conver-
sion rate in the 1-h coal char gasification trial varied from 69.23 to
76.56% CS5 and CS12, respectively. Coal sample CS1 was charac-
terized by the lowest reactivity R50 and Rmax among all the studied
samples. The values of R50 and Rmax measured for the studied
flotation concentrates FC1 and FC2 (samples nos. 3 and 4) were
similar to the values calculated for the remaining low rank coals.
The main objective of this part of the research was to select the coal
sample for further co-gasification tests with refuse derived fuel. The
reactivity was an important parameter but not the only one that
determined the optimal selection of the proper fuel for the gasifi-
cation process. All the tested fuels were characterized by the
physico-chemical parameters essential from the thermo-chemical
Table 2
Low rank coal and flotation concentrate chars reactivity for 50% of carbon conver-
sion, R50, and the maximum reactivity, Rmax, with the time needed to achieve R50,
t50, and the Rmax.
No. Studied char sample R50 [1/s] Rmax [1/s] t50 [s] tmax [s]
1 CS1 1.46$104 3.28$104 2292 534
2 CS2 1.59$104 3.36$104 2370 546
3 FC1 1.89$104 3.29$104 2112 540
4 FC2 1.92$104 3.78$104 1926 426
5 CS3 1.72$104 3.92$104 1830 396
6 CS4 1.99$104 4.01$104 1692 372
7 CS5 2.04$104 4.11$104 1794 360
8 CS6 1.80$104 3.82$104 1926 372
9 CS7 1.74$104 3.83$104 2022 505
10 CS8 1.63$104 3.40$104 2202 516
11 CS9 1.47$104 3.43$104 2322 474
12 CS10 1.75$104 3.51$104 2167 492
13 CS11 2.32$104 4.49$104 1656 354
14 CS12 2.39$104 4.62$104 2196 534
Table 3
Parameters characterizing studied low-quality coal and flotation concentrate with
the R50 and Rmax calculation analyzed with HCA.
No. Parameter Unit
1 Total moisture content %
2 Ash content %
3 Volatiles content %
4 Heat of combustion kJ,kg1
5 Calorific value kJ,kg1





11 Sintering point (oxy) 0C
12 Sintering point (red) 0C
13 Softening point (oxy) 0C
14 Softening point (red) 0C
15 Melting point (oxy) 0C
16 Melting point (red) 0C
17 Flow temp. (oxy) 0C
18 Flow temp. (red) 0C
19 Reactivity for 50% of carbon conversion R50 s1
20 Time to reach R50, t50 s
21 Maximum reactivity Rmax s1
22 Time to reach Rmax, tmax s
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In order to perform a complex analysis of the studied data, the
method of hierarchical clustering analysis (HCA) combined with a
colour map of the datawas applied [32e34]. Hierarchical clustering
techniques complemented with visual display of data sets allow
direct interpretation of the clustering results in terms of original
variables. The HCA was employed to select the low-quality coal for
the co-gasification tests with municipal refuse derived fuel. The
hierarchical clustering method is composed of several iterative
stages. In the first stage, the algorithm calculates the similarity
between the studied samples (characterized by the studied pa-
rameters) based on a similarity metric. In our study, the Euclidean
distance was used as a similarity measure. Based on this calcula-
tion, the dendrogram was built. The crucial thing is that the most
similar samples were grouped and they cannot be considered
separately. These samples are treated as one and the similarity is
determined between all the remaining samples and the newly
created group. In order to perform the hierarchical clustering
analysis, the datawere organized into matrix X(14 22), where the
rows represent the studied samples (listed in Tables 1 and 2) and
the columns represent the studied physico-chemical parameters
which characterized the studied coal samples and the calculated
values of R50 and Rmax as well as the measured time needed to
reach R50 and Rmax, respectively (see Table 3).
As mentioned above, the selection of the optimal fuel for further
processing in the co-gasificationwith municipal refuse derived fuel
must be preceded by an in-depth analysis of the studied fuels, both
in terms of their reactivities and their physical and chemical char-
acterization. The HCA was applied to tracing the relationships be-
tween chars reactivity and the remaining parameters. For that
purpose, the Ward's linkage algorithm based on the Euclidean
distance was used. The dendrograms of the studied samples (ob-
jects) in the space of 22measured parameters (listed in Table 2) and
the parameters in the object space are presented in Fig. 2.
At the dendrogram presented in Fig. 2a, it is possible to distin-
guish three clusters of the studied samples. Cluster A is composed
of fuel samples CS1, CS2, FC1, XC8, CS8, CS9, CS10 and CS12 (objects
nos.1e3,10e12 and 14), cluster B collects fuel samples FC2, CS5 and
CS11 (objects nos. 4, 7 and 13), whereas cluster C is composed of
fuel samples CS3, CS4, CS6 and CS7 (objects nos. 5, 6, 8 and 9).
Moreover, two of the mentioned clusters have an additional sub-
structure. Namely, within cluster A, the following two sub-
clusters can de observed:
- sub-cluster A1which is composed of fuel samples CS1, CS9, CS10
and CS12 (objects nos. 1, 11, 12 and 14), and4
- sub-cluster A2 which collects fuel samples CS2, FC1 and CS8
(objects nos. 2, 3 and 10).
Within cluster C, it is possible to observe sub-cluster C1
(composed of fuel samples CS3 and CS4 e objects nos. 5 and 6) and
sub-cluster C2 (comprising fuel samples CS6 and CS7 e objects nos.
8 and 9). In a similar way, the dendrogram, constructed for studied
parameters in the space of 14 objects (see Fig. 2b), allows grouping
the studied parameters into 4 main classes:
- class A collecting parameters nos. 4, 5, 7e9, 11, 20 and 22
(describing Heat of combustion, Calorific value, Carbon,
Hydrogen and Nitrogen content, Sintering point (oxy), Time to
reach R50, t50 and Time to reach Rmax, tmax);
- class B grouping parameters nos. 1, 6 and 10 (describing Total
moisture content, Total sulfur and oxygen content);
- class C containing parameters nos. 3, 12, 13 and 14 (representing
Volatiles content, Sintering point (red) and Softening point (oxy)
and (red);
- class D constituting parameters nos. 2, 15e19 (describing Ash
content, Melting point (oxy) and (red), Flow temp. (oxy) and
(red) and Reactivity for 50% of carbon conversion, R50.
The dendrograms allow to investigate the data structure such as
the clustering or sub-clustering of the studied fuels samples or to
investigate the grouping of the analyzed parameters. Unfortu-
nately, HCA does not allow explaining the observed objects' pat-
terns in terms of the studied parameters. This disadvantage could
be overcome by adding the color map of the studied data (see
Fig. 2c) sorted according to the order of objects and parameters
shown on the dendrograms presented in Fig. 2a and b.
Based on the simultaneous interpretation of the dendrograms
presented in Fig. 2a and the color map of the studied data, a
conclusionmay be drawn that all fuel samples collected in cluster A
are characterized by higher heat of combustion, calorific value,
carbon, hydrogen and nitrogen content in the fuel sample, higher
sintering point temperature measured in the oxidation atmo-
sphere, longer time to reach R50 (t50) and Rmax (tmax), respectively
(parameters nos. 4, 5, 7e9, 11, 20 and 22) as well as lower values of
such parameters as total moisture, ash and total sulfur content in
Fig. 2. Dendrograms of (a) studied samples (objects) in the space of 22 measured parameters and (b) parameters in the space of 14 objects with (c) the color map of the studied data
sorted according to the Ward linkage method. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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remaining fuel samples. Coal samples CS1, CS9, CS10, and CS12
(objects nos. 1, 11, 12 and 14) collected in sub-cluster A1 are addi-
tionally unique due to the relatively high volatile content and the
temperature of sintering point measured in the reduction atmo-
sphere and softening, melting and flow temperatures, both in the
oxidation and reduction atmosphere, respectively (parameters nos.
3, 12e18). Furthermore, coal sample CS10 (object no. 12) is char-
acterized by the highest sintering point temperature in the oxida-
tion atmosphere (parameter no. 11) and the lowest reactivity for
50% of carbon conversion, R50 (parameter no. 19) among all the
studied fuel samples. Likewise coal sample CS12 (object no. 14), it is
characterized by the highest heat of combustion, calorific value,
carbon content and the highest value of reactivity for 50% of carbon
conversion, R50, and maximum reactivity, Rmax, respectively (pa-
rameters nos. 4, 5, 7, 19 and 21), whereas coal sample CS1 (object
no. 1) is characterized by the highest hydrogen and nitrogen con-
tent in the sample (parameters nos. 8 and 9). Sub-cluster A2 has
been characterized by a relatively low melting point and flow
temperature in the oxidation atmosphere, respectively and the low
value of maximum reactivity, Rmax (parameters nos. 15, 17 and 21)
among all the studied fuel samples. Again, the uniqueness of coal
sample CS2 and flotation concentrate FC1 (objects nos. 2 and 3)
could be also observed. Namely, flotation concentrate FC1 (object
no. 3) is differed from all the remaining samples mainly due to the
lowest softening, melting points and flow temperature in the5
oxidation atmosphere, respectively (parameters nos. 13, 15 and 17),
whereas coal sample CS2 is unique due to the longest time needed
to reach R50 (t50) and Rmax (tmax), respectively (parameters nos. 20
and 22).
All the fuel samples collected in cluster B could be described by a
relatively high melting point and flow temperatures, both in the
oxidation and reduction atmosphere (parameters nos. 15e18)
among all the studied samples. Similarly to cluster A, the unique-
ness of several fuel samples could be also observed. Namely,
flotation concentrate FC2 (object no. 4) is unique due to the highest
and the lowest values of melting point and softening point in the
oxidation atmosphere (parameters nos. 15 and 13), respectively.
Moreover, coal sample CS11 (object no. 13) is additionally charac-
terized by the highest ash content and the highest softening point
in the oxidation and reduction atmosphere, respectively (parame-
ters nos. 2, 13 and 14) among all the studied fuel samples.
Fuels samples collected in cluster C are characterized by the
relatively lower heat of combustion, calorific value, carbon,
hydrogen and nitrogen content in the fuel sample and higher sin-
tering point temperature measured in the oxidation atmosphere,
respectively (parameters nos. 4, 5, 7e9, and 11) in comparisonwith
all the remaining fuel samples. Sub-cluster C1 which groups two
coal samples e CS3 and CS4 (objects nos. 5 and 6) is unique due to
the relatively highest total moisture and total sulfur content in the
studied samples (parameters nos. 1 and 6) and the lower melting
point and flow temperature in the reduction atmosphere
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studied fuels. The uniqueness of coal sample CS3 (object no. 5) is
caused due to the lowest softening point, melting point and flow
temperature in the reduction atmosphere, respectively (parameters
nos. 14, 16 and 18) and the highest total sulfur content (parameter
no. 6) among all the studied samples. Sub-cluster C2 is character-
ized by the highest value of sintering point in the reduction at-
mosphere (parameter no. 12). Moreover, coal sample CS7 (object
no. 9) is exceptional due to the highest volatiles content (parameter
no. 3) among all the studied samples.
Based on the in-depth analysis of the reactivities for 50% of
carbon conversion as well as the maximum reactivity measured for
the obtained chars combined with the analysis of the physical and
chemical parameters important from the gasification point of view,
the fuel sample with the lowest value of reactivity was selected for
further co-gasification step.
The lowest reactivities R50 and Rmax equal to 1.46$104 and
3.28$104 1/s, respectively were observed for low rank coal sample
CS1. Coals with the lowest reactivity are hardly commercially
viable. One of the promising options for their utilization is their use
in the co-gasification process with municipal refuse derived fuel
combined with the production of hydrogen, a clean and environ-
mentally friendly energy carrier. One-process utilization of low
rank coal and municipal refuse derived fuel, including biodegrad-
able materials as well as plastics, seems to be a mutually beneficial
choice from the environmental and economic point of view.
In our study, the co-gasified fuel contains 20%w/w of municipal
refuse derived fuel which seems to be a very attractive option of
their utilization. Moreover, in the steam co-gasification process of
low-rank coal blended with municipal refuse derived fuel,
hydrogen rich gas is produced. Hydrogen which could be obtained
in the course of the process bears the potential to be applied in the
energy or transportation sectors. Fig. 3 presents the average total
volumes of the main components of the gas produced in the co-
gasification of coal blends with municipal refuse derived fuel at
the temperature of 800 C.
The studied co-gasification stage was repeated three times. In
the experimental trial, we produced in total 5791 cm3 of gas
composed in 59%vol. of hydrogen from 10g of the tested fuel (con-
taining 20%w/w of municipal refuse derived fuel). It is possible to
conclude that the higher temperature enforces the endothermic
reactions for products formation. Namely, the increase of the
steam/biomass ratio lead to increase the H2 and CO2 formations as





















Fig. 3. Total gas volume of the main gas component in the
6
in the produced gas is caused by steam and dry methane reforming.
Based on the average composition of the produced gas and the
average total amount produced in the co-gasification tests, the




ci,Wi ½kJ ,kg1 (2)
where ci describes the concentration of the particular component
in the produced gas in %mass, while Wi describes the heat of com-
bustion in kJ,kg1. The average calculated value of Qg of the pro-
duced gas was 13,753 kJ/kg. Additionally, the ratio of the energy
output in the produced gas to the energy input in coal equaled 0.45.4. Conclusions
In the paper an alternative solution for the use of low rank coal
with simultaneous utilization of municipal refuse derived fuel was
proposed. The co-gasification of the worst low rank coal (among all
the studied ones) blends with 20%w/w of municipal refuse derived
fuel allows to produce hydrogen rich gas. The concentration of
hydrogen in the produced gas was 59%vol. The low rank coal of the
worst quality was selected from 14 tested coal samples (low rank
coals and flotoconcentrate) based on the application of HCA. In the
analysis, not only the reactivity but also all the physico-chemical
parameters important from the gasification point of view, were
analyzed simultaneously. The proposed idea of utilizing thermo-
chemically low rank coal and municipal refuse derived fuel seems
to be a promising option in addressing the issues of municipal
waste management and the commercial utilization of poor quality
fuels like low rank coals and flotoconcentrate. The simultaneous
production of a marketable product e hydrogen rich gas may be
considered from the economic and especially environmental point
of view as an added value.Credit author statement
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